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This study aimed to address the lack of information on the male germ cell seasonal 
development of domesticated tree shrews (Tupaia belangeri chinensis). Testicular 
tissues were collected from 60 tree shrews (n=5 per month). The ultrastructures of the 
testes and spermatids were examined via transmission electron microscopy. Apoptosis 
of spermatogenic cells was measured through terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL) staining. The expression of proliferation factors, 
namely, proliferating cell nuclear antigen (PCNA) and Ki67, in testicular tissues was 
assayed through immunohistochemistry. Spermatids ultrastructure showed seasonal 
differences, and spermatogenesis was relatively active in June and July and relatively 
stagnant from October to November. The percentage of TUNEL-positive germ cells 
was less during October and November, while greater in July than other phases. The 
number of PCNA-nucleus-positive germ cells was most in June and July, but with 
cytoplasm staining from October to November. Ki67 presented positive expression in 
 
 
the testes from April to September, with highest expression in June, but with no 
expression from October to March. In summary, there are seasonal differences in 
tissue morphology related to spermatogenesis in domesticated tree shrews. PCNA 
expression and Ki67 expression are good indicators of seasonal differences in male 
germ cells. 




Tree shrews (Tupaia belangeri chinensis), belongs to the family Tupaiidae, genus 
Tupaia, are rat-sized mammal that live mainly in deciduous, evergreen and secondary 
forests in tropical and subtropical regions (1). Whole-genome sequencing analysis has 
revealed that tree shrews are similar to humans with regard to histology, physiology, 
biochemistry, and nervous (brain function), metabolic and immune systems (2-4). The 
tree shrew is small, has a short reproductive cycle, is easy to perform experiments on, 
is inexpensive to feed, and has other favorable characteristics, such as susceptible to a 
wide range of human pathogenic viruses (5). Thus, the tree shrew may be a 
good animal model for scientific experiments. 
Studies have shown that the reproduction of sexually mature male wild tree shrews 
has obvious seasonality; the reproductive season lasts only from April to July each 
year (6). In a previous study by Cao et al.(7), highly active seminiferous epitheliums 
were observed in January and April. Regression of seminiferous tubules begins in July 
and there are extensive regressive changes in seminiferous epitheliums losing 
spermatogenic function in August and October. Similar seasonal changes in 
spermatozoa amount are shown in epididymis. However, recent studies have reported 
that artificial domestication can overcome the seasonal restrictions of tree shrew 
reproduction (8). The seasonal reproduction pattern of this species has caused 
considerable uncertainty and unforeseen complications related to the reproducibility, 
stability and comparability of male reproductive medicine studies using the tree shrew 
as a model organism, which has restricted the use of the tree shrew as a model 
 
 
organism for reproduction research. However, there have been no studies on the 
seasonal differences in morphology or proliferation and apoptosis levels in 
domesticated tree shrew sperm. 
Spermatogenesis is a complex process. Sperm mature through the mitosis of 
spermatogonia, meiosis of spermatocytes, and maturation of spermatids (9). 
Spermatogenic cells proliferate often, develop continuously and have physiological 
significance in the process of spermatogenesis. Proliferating cell nuclear antigen 
(PCNA) is a cell cycle regulatory protein marker that is closely related to DNA 
synthesis and participates in the initiation of cell proliferation (10). Ki67, another 
nuclear antigen related to cell proliferation, exists in the cell nucleus and participates 
in the mitotic prophase-to-metaphase transition and the maintenance of DNA structure 
(11, 12). Therefore, the protein expression levels of PCNA and Ki67 in the testes are 
standard markers for the proliferation of spermatogenic cells (13). Additionally, 
apoptosis of spermatogenic cells in the testes may contribute to seasonal differences 
in sperm (14). 
The present study aimed to investigate whether there are seasonal differences in 
spermatogenesis in domesticated tree shrews. We examined 1) spermatids 
morphology using hematoxylin and eosin (HE) staining and transmission electron 
microscopy (TEM); 2) the frequency of apoptosis using a terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) assay; and 3) Immunohistochemical 
staining of PCNA or Ki67 in testis collected from tree shrews in different seasons. 
 
MATERIALS AND METHODS  
Animals and treatment  
Sixty 18-months-old healthy tree shrews, weighing 128g-151g, were obtained from 
the Animal Center of Kunming Medical University and kept in a standard animal 
house with a temperature of 25°C and a humidity of 45% at 12 L: 12D (lights on at 
08:00). Five tree shrews are randomly selected for the experiment every month. The 
study was approved by the Ethics Committee of Kunming Medical University 
(Kunming, China, No. KM16/17), and the experimental animals comply with the 
 
 
guidelines of the Chinese Ethics Committee. 
The tree shrews were anesthetized with isoflurane, and the testicles were quickly 
taken. A tissue block of about 2 mm was cut from one of the testicles and fixed with 
2.5% glutaraldehyde for Transmission Electron Microscopy (TEM). The rest of the 
testicles were fixed overnight with 10% neutral formaldehyde within 2 minutes after 
sampling, dehydrated in alcohol series, transparent in xylene, and embedded in 
conventional paraffin. The slice thickness is 5um, and it is pasted on a glass slide 
pre-treated with Poly-L-Lysine, and the slice is baked at 60°C for 1 h, and stored at 
4°C for later experiments. 
 
Histomorphological examination 
Testicular sections were prepared as described above. The 5-μm testicular sections 
were continuously sliced and stained with hematoxylin and eosin (HE). The 
histological structure was then observed under a light microscope (Nikon 90i, Tokyo, 
Japan).  
 
Transmission electron microscopy (TEM)  
The 2 mm thick gonadal sections were fixed in 2.5% glutaraldehyde in 0.1M 
phosphate buffer pH 7.4 for 3 h at 4 °C and post fixed in 1% osmium tetroxide in 
0.1M phosphate buffer overnight at room temperature. Samples were then dehydrated 
in 75, 85, 95, and 100% alcohols and in 100% acetone, and then embedded in an 
epoxy Spurr resin. Ultrathin sections of 50 nm were cut and stained with lead 
citrate-uranyl acetate, then observed by TEM (JEM-1000, JEOL, Tokyo, Japan). 
 
Immunohistochemistry (IHC) assay  
The 5-μm paraffin slices were baked 65°C for 30 minutes, dewaxed, and rehydrated 
in xylene, alcohol and distilled water. Afterward, antigen retrieval was conducted in a 
microwave oven. Endogenous peroxidase activity in sections was quenched by 3% 
hydrogen peroxide at room temperature for 30 min, and the sections were then 
blocked with 5% bovine serum for 15 min. The sections were incubated with diluted 
 
 
primary antibody (PCNA, ab29, 1:100 dilutions; Ki-67, ab15580, 1:100 dilutions, 
Abcam, MA, USA) overnight at 4°C. Then, the section was immunohistochemistry 
staining using MaxVisionTM HRP-Polymer anti-Mouse/Rabbit IHC Kit (MXB 
Biotechnologies Inc., Fuzhou, China). The sections were counterstained with 
hematoxylin and rinsed in tap water. IHC micrographs were observed under a 
microscope (Nikon 90i). The PCNA and Ki67 protein nuclei show brown-yellow 
particles as a positive reaction.  
 
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay  
The level of apoptosis-related DNA fragmentation in the testicular tissues was 
evaluated by TUNEL assay by using a commercially available kit (Roche, 
Indianapolis, IN, USA). The sections of 5-μm paraffin tissue specimens were serially 
sectioned, and the standard method was applied according to the manufacturer’s 
instructions. The sections were observed under a light microscope, and the cells in the 
testis exhibiting brown nuclear staining were considered positive for nuclear DNA 
fragmentation.  
 
Statistical analysis  
Statistical analyses were performed using GraphPad prism 6.0. Data were 
expressed as mean ± standard deviation, and analysis of variance was done on 
non-parametric test. Student’s t-test was performed for statistical analyses. P<0.05 
was indicated statistical significance. 
 
RESULTS 
Histological structures of the testes 
The histological changes in the testes are shown in Figure 1. In January, most of the 
seminiferous tubules can be observed at different developmental stages in testis tissue. 
Spermatogonia are attached to the basement membrane of seminiferous tubules, 
which is small size, lightly stained and with round nucleus. The primary 
spermatocytes is in the second and third layers, which is slender size, deeply stained, 
 
 
and with round nucleus. The secondary spermatocytes and round spermatids are near 
the center of the lumen, which is smaller size, lightly stained and with round nucleus. 
Some fully deformed or partly deforming spermatozoa and residues can be observed 
near the lumen. Deformed spermatozoa are darker staining and a superimposed 
fusiform shape, while the residue is lighter staining and irregular shape (Figure 1A). 
Compared with January, the number of deformed spermatozoa and its residue in the 
lumen of the thin tubules increased month by month from February to May (Figure 
1B-E). From June to July, spermatogonia, primary spermatocytes, secondary 
spermatocytes, round spermatids, a large number of deformed spermatozoa and its 
residue almost filled the lumen (Figure 1F-G). From August to September, 
spermatogenic cells at different developmental stages are observed in the 
seminiferous tubules of testis tissue, but the number of deformed spermatozoa and its 
residue began to decrease month by month (Figure 1H-I). In October, the arrangement 
of seminiferous tubules and spermatogenic cells in the testes becomes regular and 
compact and cavitation present in part of the seminiferous tubules. Few deformed 
spermatozoa and its residue were observed (Figure 1J). From November to December, 
the number of deformed spermatozoa and its residual increased compared with 
October, which was similar to the structure of seminiferous tubules in January (Figure 
1K-L). 
 
Ultrastructure of the testicular tissue and sperm of tree shrews 
The TEM images of the testicular tissue and spermatozoa ultrastructures are shown 
in Figure 2. In January, there were few free spermatozoa in the lumens of the 
seminiferous tubules. Some primary spermatocytes had shrunken nuclei, ruptured 
nuclear membranes, agglutination of organelles, and nearly round apoptotic bodies 
with enhanced electron density. A small number of primary spermatocytes presented 
Putamen (Figure 2F). Additionally, abnormal morphological features in sperm such as 
head mass loss, vacuolization, and crooked tails were also observed (Figure 2L and 
2R). From February to July, the numbers of free spermatozoa in the lumens of 
seminiferous tubules gradually increased (Figure 2G-I), and the deformed 
 
 
spermatozoa and free spermatozoa gradually returned to their normal forms (Figure 
2M-O). 
In August/September, the chromatin of some primary sperm cells in the 
seminiferous tubules shrank, and the nuclear membranes disappeared (Figure 2P). The 
numbers of free spermatozoa in the lumens of seminiferous tubules were significantly 
lower in August than in July (Figure 2J). From September to December, the 
chromosomes of spermatogonia or primary spermatocytes gradually shrank, and 
apoptotic bodies with enhanced electron density appeared (Figure 2D-2E). The 
number of free sperm gradually decreased. Abnormally shaped sperm gradually 
appeared, including sperm with missing heads, vacuolization, etc. (Figure 2J-2K). 
 
Immunohistochemical (IHC) assay of PCNA and Ki67 expression in testicular 
tissues 
PCNA-positive cells were found mainly in spermatogonia and primary 
spermatocytes in convoluted tubules. In the testicular tissues collected from June and 
July, PCNA showed strong positive staining in both the nucleus and cytoplasm 
(Figure 3A). In the testicular tissues collected from October and November, the 
expression of PCNA protein was only observed in the cytoplasm instead of in the 
nucleus (Figure 3B). 
The Ki67 protein showed strong positive staining in spermatogonia and primary 
spermatocytes and weak positive staining in secondary spermatocytes and spermatids. 
In the testicular tissues collected from June and July, the cells with positive expression 
of the Ki67 protein were mainly spermatogonia, primary spermatocytes, and a small 
number of secondary spermatocytes (Figure 3C). In the testicular tissues collected 
from October to March, Ki67-positive cells were not observed among any 
spermatogenic cells in the seminiferous tubules (Figure 3D). 
 
TUNEL assay of the testicular tissue and spermatids of tree shrews 
As shown in Figure 4, testis sections were analyzed using a TUNEL assay. 
Apoptosis of spermatogonia and primary spermatocytes was observed in the testicular 
 
 
tissue from January to September and December (Figures 4A-I and 4L). The apoptosis 
rate was highest in July (Figures 4M). No apoptotic spermatogenic cells were 
observed in the testes in October and November (Figures 4J and 4K). 
 
DISCUSSION 
To our knowledge, this is the first study showing the seasonal changes that occur in 
spermatids morphology and ultrastructural parameters in artificial tree shrews. We 
found seasonal differences in the microstructure of spermatids in domesticated tree 
shrews that were evident mainly at the late stage of spermatogenesis (i.e., the 
spermatids deformation stage). 
From the perspective of sperm structure, sperm with abnormal morphologies were 
observed in the seminiferous tubules of domesticated tree shrew testes in months 1-5 
and 8-12. Some sperm abnormalities can occur in the sperm head, such as head 
vacuolization and acrosome loss, while others can occur in the neck, body, or tail, 
such as tail crookedness and tail fracture. Studies have shown that sperm 
abnormalities often lead to declines in fertilization potential (15, 16). Sperm motility 
and sperm deformity are negatively correlated, and deformities in different parts of 
sperm have different effects on sperm motility and egg fertilization ability (17, 18). 
No abnormal sperm appeared from June to July. The findings indicate that the period 
from June to July is the period with the most orderly spermatogenesis in domesticated 
tree shrews, while the period from October to November is a period of relative 
stagnation. In wild tree shrews, Cao found that highly active seminiferous epitheliums 
and typical cell associations in January and April. Regression of seminiferous tubules 
begins in July, and extensive regressive changes in seminiferous epitheliums losing 
spermatogenic function in August and October. Similar seasonal changes in 
spermatozoa amount are shown in epididymis (7). Our data are slightly different from 
previous results (7, 19). HE and TEM showed that the spermatogenesis cycle of 
domesticated tree shrews start later, with more vigorous spermatogenesis activity 
from June to July, and the lowest is in winter. This may be due to differences in living 
environment and female social stimulation. It is reported that captivity could alters 
 
 
activities of the neuroendocrine system, thereby control the reproduction (20). 
We further assessed the protein levels of proliferation markers to determine the 
activation status of germ cells. PCNA is expressed only in proliferating cells and its 
levels peak in the S phase of the cell cycle. Therefore, it is an important indicator for 
evaluation of cell proliferation (10). Our IHC results showed that in June and July, 
PCNA was expressed in the nuclei of spermatogonia and primary spermatocytes in 
testicular tissue, suggesting that the spermatogenic cells were actively proliferating. 
The reason may be that the spermatogonia needed to undergo mitosis, as DNA 
replication occurs in S phase and also before meiosis in primary spermatocytes (21). 
Interestingly, cytoplasmic PCNA staining was observed in Octorber and November. 
Possibly, cytoplasmic PCNA localization in tree shrew testis could be connected to a 
role of PCNA in apoptosis. This correlation pattern may be similar to that of humans, 
which is important for survival of human neutrophils and HL-60 cells (22, 23). The 
Ki67 protein was mainly expressed in spermatogonia, primary spermatocytes and 
spermatids. Higher expression intensity was observed in spermatogonia and primary 
spermatocytes than in other types of cells. In the M phase of spermatogonial mitosis, 
the Ki67 protein functions in organizing and binding DNA and participates in the 
disappearance and reconstruction of nucleoli (24, 25). In addition, Ki67 protein was 
weakly expressed in secondary spermatocytes. We speculate that Ki67 protein 
expressed in spermatogonia and primary spermatocytes may not be completely 
degraded by the secondary spermatocyte and spermatid stages such that weak 
expression is still observed in these stages. From October to March, there is no 
immunostaining of spermatogenic cells with the Ki-67 antibody in the testis. These 
are in accordance with the fact that the Ki-67 protein immediately degrade after 
mitosis and that cell nuclei are generally Ki-67 immunonegative during early G1- and 
G0-phase of the cell cycle (26). 
Spontaneous apoptosis affects germ cell development. Therefore, in seasonally 
breeding animals, apoptosis may lead to changes in spermatogenesis (27). In this 
study, the TEM results showed that apoptosis of spermatogonia, primary 
spermatocytes and small numbers of secondary spermatocytes and round spermatids 
 
 
occurred in the testicular tissue from January to September and December. 
Additionally, shell-shaped nucleoli were occasionally observed in primary 
spermatocytes in January and February. Since the nucleolus is where ribosomal RNA 
transcription and transformation take place, the proliferative activity of spermatogenic 
cells is reduced when the nucleolus becomes shell-shaped (28). We further used the 
TUNEL method to examine the numbers, percentages and locations of apoptotic germ 
cells in seminiferous tubules in testicular sections. During the process of 
spermatogenesis (except October and November), TUNEL-positive germ cells were 
observed in seminiferous tubule from each month. Notably, the ratio of 
TUNEL-positive germ cells to total male germ cells is higher during active periods 
(July) than during other stages of spermatogenesis. Spermatogenesis is a very unique 
process involving not only the frequent division, proliferation and developmental 
differentiation of spermatogenic cells but also the continuous degradation of 
spermatogenic cells. The degeneration process of spermatogenic cells is mainly 
achieved through apoptosis (29, 30). Apoptosis, a programmed cell death pathway, 
can eliminate damaged cells and cells with chromosomal abnormalities caused by 
meiotic or mitotic errors during the period when the proliferation rate of germ cells is 
elevated to ensure a sufficient number and quality of viable spermatogenic cells (31). 
In addition, apoptosis may remove cells with PCNA-positive nuclei (such as 
spermatogonia and primary spermatocytes), thereby controlling the number of germ 
cells in the testes to respond to seasonal changes (32). 
 
CONCLUSIONS 
In this study, we showed seasonal differences in spermatogenesis in domesticated 
tree shrews, active in June and July, inactive in October and November. Apoptosis of 
spermatogonia and primary spermatocytes were observed, but may not contribute to 
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Figure 1. Morphological changes in the testis of the domesticated tree shrew. 
Haematoxylin–eosin (HE) staining of paraffin-embedded sections of testis from male 
tree shrew from January to December (A-L). Bar = 100μm. 
 
Figure 2. Electron micrographs of various germ cell types in the 
seminiferoustubules of the tree shrew during active spermatogenesis, as well as 
apoptosis during the regressive period. (A) Putamen in primary spermatocytes from 
February/March. (B) Normal primary spermatocytes from April/may. (C) Normal 
primary spermatocytes from June/July. (D) The chromosomes condense and the 
nuclear envelope disappears in primary spermatocytes from August/September. (E) 
The chromosomes condense and the nuclear envelope disappears in primary 
spermatocytes from October/November. (F) Apoptotic primary spermatocytes from 
December/January. The condensed chromatin in the apoptotic spermatocyte was 
localized to the periphery or to one side of the nucleus. (G-L) Free spermatozoa in the 
lumens of seminiferous tubules. (M-R) Abnormal morphological features in 
spermatozoa such as head mass loss, vacuolization, and crooked tails were also 
observed  in the regressive period. (O) Normal spermatozoa. Arrowhead, abnormal 
 
 
primary spermatocytes. Arrow, abnormal spermatozoa. Diamond, apoptotic 
round spermatids. 
 
Figure 3. Immunostaining of PCNA and Ki67 in the tree shrew testis. (A) In June 
and July, in the spermatogenically active seminiferous epithelium, the nucleus of 
spermatogonia and primary spermatocytes had strong staining of PCNA with constant 
intensity. In October and November, the cytoplasm of spermatogonia and primary 
spermatocytes but not the nucleus is PCNA positive-staining. (B) The rate of 
PCNA-postive cells of testis during the year (Mean ± SD). (C) In June and July, Ki67 
expressed in spermatogonia, primary spermatocytes, and spermatids. In October and 
November, Ki67-positive cells were not detected in any spermatogenic cells in the 
seminiferous tubules of the tree shrews testis. (D) The rate of Ki67-postive cells of 
testis during the year (Mean ± SD). Bar = 100 µm. a, P < 0.05 vs. February; b, P < 
0.05 vs. April; c, P < 0.05 vs. June. 
 
Figure 4. Apoptosis determined using TUNEL staining of seminiferous tubules of 
tree shrew. (A-L) TUNEL staining of paraffin-embedded sections of testes from male 
tree shrew from January to December. Spontaneous apoptosis of germ cells appears in 
June and July with intensely stained spermatogonia and spermatocyte. No 
TUNEL-positive germ cells are observed in the testis of tree shrew from October and 
November. (M) The rate of TUNEL-positive male germ cells per seminiferous tubule. 
Values are presented as mean ± SD. Bar = 100μm. a, P < 0.05 vs. February; b, P < 
0.05 vs. March; c, P < 0.05 vs. April; d, P < 0.05 vs. June. 




